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AbstractMexican races of maize (Zea mays L.) represent
a valuable genetic resource for breeding and genetic
surveys. We applied simple sequence repeat (SSR)
markers to characterize 25 accessions of races of maize
from Mexico. Our objectives were to (1) study the
molecular genetic diversity within and among these
accessions and (2) examine their relationships as assumed
previously on the basis of morphological data. A total of
497 individuals were ﬁngerprinted with 25 SSR markers.
We observed a high total number of alleles (7.84 alleles
per locus) and total gene diversity (0.61), conﬁrming the
broad genetic base of the maize races from Mexico. In
addition, the accessions were grouped into distinct racial
complexes on the basis of a model-based clustering ap-
proach. The principal coordinate analyses of the four
Modern Incipient hybrids corroborated the proposed
parental races of Chalquen˜o, Co´nico Norten˜o, Celaya,
and Bolita on the basis of the morphological data.
Consequently, for some of the accessions, hybridizations
provide a clue that can further be used to explain the
associations among the Mexican races of maize.
Introduction
Genetic diversity in maize is a valuable natural resource
and plays a key role in future breeding progress. Maize
was domesticated about 9,000 years ago in Mexico from
a form of tropical teosinte, Zea mays ssp. parviglumis
(Beadle 1939; Doebley 2004). Molecular analyses sug-
gest a single domestication event (Matsuoka et al. 2002)
that resulted in a loss of diversity in maize (Eyre-Walker
et al. 1998; Vigouroux et al. 2002). Following domesti-
cation, mutation generated new alleles, while recombi-
nation created novel allele combinations. Furthermore,
post domestication gene ﬂow from teosinte presumably
increased the existing genetic base of maize (Doebley
2004). The genetic variation was subsequently reduced
by genetic drift and selection, both natural and artiﬁcial
by early farmers, which eventually resulted in a large
number of races adapted to the speciﬁc environmental
conditions of their habitats and desired uses by humans.
Understanding the evolutionary history and detailed
knowledge of the genetic diversity within and among
indigenous races of maize are of interest for fundamental
research. Moreover, they are important for the eﬃcient
management of the conservation of races and their
optimum utilization in plant breeding. A large-scale
collection, description, and characterization of the maize
germplasm complexes from Mexico began in 1943 with
the initiation of the cooperative Mexican Govern-
ment—Rockefeller Foundation agricultural program.
Twenty-ﬁve races of maize from Mexico were initially
identiﬁed and relationships were suggested mainly on
the basis of morphological traits as well as archaeolog-
ical data (Wellhausen et al. 1952). Some of the 25 races
were assumed to be either ancient in Mexico (Ancient
Indigenous) or other regions (Pre-Columbian Exotic). It
was hypothesized that these ancient races served as
parents of various pre-Columbian hybrid races (Prehis-
toric Mestizos). The races of the fourth group, Modern
Incipient races, were created after the Conquest by
crossing the Ancient Indigenous, Pre-Columbian, and
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Prehistoric Mestizos germplasm. They have not yet
reached a state of racial stability. Although these
hypotheses are very appealing, they have never been
examined with molecular data.
Independent of the classiﬁcation and pedigree struc-
ture hypothesized by Wellhausen et al. (1952), other
authors grouped Mexican races according to their sim-
ilarities analyzed by morphological data, genotype by
environment interactions, chromosome constitution,
and isozyme markers (for review see Goodman and
Brown 1988; Sanchez et al. 2000). In all studies with
isozyme markers, the races did not cluster into well-de-
ﬁned complexes as suggested by morphological data, but
rather formed a continuum with several outliers (Do-
ebley et al. 1985; Sanchez et al. 2000). These diﬀerences
among the population structure, based on morphologi-
cal and molecular data were also described in maize
landraces from the central valleys of Oaxaca in Mexico
(Pressoir and Berthaud 2004). The authors explained
these diﬀerences by considerable amount of gene ﬂow
among populations and a strong divergent selection for
the quantitative traits under consideration.
We applied simple sequence repeat (SSR) markers to
characterize 25 accessions of races of maize from
Mexico. Our objectives were to (1) study the molecular
genetic diversity within and among these accessions, and
(2) examine their relationships as assumed previously on
the basis of morphological data.
Materials and methods
Genetic materials
We examined 25 accessions of 24 races of maize from
Mexico (Table 1) that were described in detail by
Wellhausen et al. (1952). Race Chalquen˜o was repre-
sented by two accessions. The 25 accessions have been
multiplied an unknown number of generations since
they were procured from the farmers’ ﬁeld.
SSR analyses
In total, 497 plants were genotyped in the Applied
Biotechnology Center at the International Maize and
Wheat Improvement Center (CIMMYT) with a set of 25
SSRs covering the entire maize genome. Marker names,
Table 1 Race names, collection, codes, number of individuals per accession (No. ind.), altitude of the regions where the accession was
grown (Alt.), as well as classiﬁcation of accessions according to six previous studies (see footnote)
Race name Collection Code No. ind. Alt. (m) Aa Bb Cc Dd Ee Ff Gg
Arrocillo Amarillo Puebla 262 AA 21 1,600–2,000 4 OLh 1 1 1 1 1
Bolita Oaxa 180 BO 20 900–1,500 2 2 2 3 3 3 2
Cacahuacintle Me´xico 212 CA 21 2,200–2,800 1 1 1 OLh 1 1 1
Celaya Guanajuato 101 CY 20 1,200–1,800 2 2 2 4 2 2 2
Chalquen˜o Puebla 260 CQ-1 21 1,800–2,300 1 1 1 1 1 1 1
Me´xico 208 CQ-2 19 1,800–2,300 1 1 1 1 1 1 1
Chapalote Sinaloa 2 CH 19 100–600 4 2 3 2 2 2 3
Comiteco Chiapas 235 CM 19 1,100–1,500 2 2 2 OLh 2 2 2
Co´nico Me´xico 207 CO 21 2,200–2,800 1 1 1 1 1 1 1
Co´nico Norten˜o Guanajuato 102 CN 18 1,600–2,100 1 1 1 1 1 1 1
Harinoso de Ocho Nayarit 24 HO 21 100 3 3 3 3 3 3 3
Jala Nayarit 72 JA 13 1,000 2 2 2 OLh 3 3 2
Ma´iz Dulce Guanajuato 100 MD 21 1,000–1,500 5 1 1 OLh 1 1 3
Nal-Tel Yucata´n 7 NT 21 100 4 1 2 2 2 2 2
Olotillo Blanco Chiapas 237 OT 21 300–700 3 2 2 2 2 2 2
Oloto´n Chiapas 238 OL 16 2,000–2,400 1 OLh 2 5 2 2 2
Palomero Toluqueno Me´xico 211 PT 21 2,200–2,800 1 1 1 1 1 1 1
Pepitilla Guerrero 221 PE 20 100–1,700 1 2 1 1 2 2 2
Reventador Nayarit 39 RE 21 0–1,500 4 3 3 3 3 2 3
Tabloncillo Jalisco 263 TA 21 0–1,500 3 2 3 3 3 3 2
Tehua Chiapas 234 TE 20 600–1,000 2 2 2 OLh 2 2 2
Tepecintle Guatemala 234 TP 21 0–600 2 2 2 2 2 2 2
Tuxpen˜o V-520-C TU 20 0–500 2 2 2 4 2 2 2
Zapalote Chico Oaxa 179 ZC 20 100 2 2 2 OLh 2 2 2
Zapalote Grande Chiapas 236 ZG 21 100–600 2 2 2 2 2 2 2
aGoodman (1972) classiﬁcation is based on morphological data
bDoebley et al. (1985) Classiﬁcation is based on isozyme data
cGoodman and Brown (1988) classiﬁcation is based on a combination of morphological, cytological, and isozyme data
dBretting and Goodman (1989) classiﬁcation is based on chromosome knob data
eSanchez and Goodman (1992) classiﬁcation is based on morphological data
fSanchez et al. (2000) classiﬁcation is based on a combination of morphological and isozyme data
gResults of our study assuming three groups
hRace could not be clustered to a speciﬁc group
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BIN positions, and allele size ranges are published as
supporting information at http://www.uni-hohen-
heim.de/jochreif/Landraces/SSRs.htm. Genotyping
protocols are described in detail by Reif et al. (2004).
Brieﬂy, DNA was extracted by the CTAB method and
the SSR regions were ampliﬁed by PCR with ﬂuores-
cent-labeled primers. PCR products were size-separated
on an ABI Prism 377 DNA Sequencer (Perkin Elmer
Biotechnologies, Foster City, CA, USA) equipped with
the GENESCAN Software package, and then classiﬁed
to speciﬁc alleles using the GENESCAN and
GENOTYPER Software packages (Perkin Elmer Bio-
technologies).
Statistical analyses
We determined the number of alleles per locus for the
entire set of 497 individuals, as well as for each accession
separately, and examined the presence of accession-
speciﬁc alleles (further referred to as unique alleles). In
addition, the total gene diversity (HT) across all acces-
sions and the gene diversity between individuals within
each accession (HS) were calculated according to Nei
(1987). Diﬀerences between HS values were tested for
signiﬁcance by a Friedman rank sum test (Hollander and
Wolfe 1973). The coeﬃcient of gene diﬀerentiation (GST)
was calculated according to Nei (1987). The GST is the
relative diﬀerentiation of the accessions. The ﬁxation
index FIS for each marker was estimated separately for
each accession according to Nei (1987) as one minus the
observed heterozygosity divided by the expected het-
erozygosity under Hardy–Weinberg equilibrium.
The modiﬁed Rogers’ distance (MRD) between two
accessions or individuals was calculated according to
Wright (1978). Standard errors of MRD were estimated
by a bootstrap procedure with resampling across
markers and individuals. Associations among opera-
tional taxonomic units (accessions or individuals) were
revealed by principal coordinate analyses (PCoA)
(Gower 1966) based on MRD values. To test the
hypothetical admixture of accessions proposed by
Wellhausen et al. (1952), we calculated the expected al-
lele frequencies of the hybrid races Bolita, Celaya,
Chalquen˜o, Comiteco, Co´nico, Co´nico Norten˜o, Jala,
Tabloncillo, Tuxpen˜o, Zapalote Chico, and Zapalote
Grande on the basis of the observed allele frequencies of
their assumed parental populations. The MRDs between
the hybrid accessions were calculated on the basis of (1)
expected and (2) observed allele frequencies. The corre-
lation between both MRD matrices was tested with a
Mantel test (Legendre and Legendre 1998) excluding the
parental populations. In addition, the allele frequencies
of the hybrid accessions Bolita, Celaya, Chalquen˜o,
Comiteco, Co´nico, Co´nico Norten˜o, Jala, Tabloncillo,
Tuxpen˜o, Zapalote Chico, and Zapalote Grande were
estimated based on the observed allele frequencies of
randomly chosen parental populations. The correlation
between both MRD matrices based on the (1) randomly
chosen parental populations and (2) observed allele
frequencies was calculated. This procedure was repeated
100,000 times. We determined the number of runs
showing a correlation coeﬃcient higher than the one
between the observed MRD values and those expected
on the basis of morphological analysis (Wellhausen et al.
1952).
In addition, genetic relationships among individual
genotypes from the accessions were analyzed with a
model-based clustering approach using the Software
package STRUCTURE (Pritchard et al. 2000). The
number of clusters k was varied from 3 to 25 and ﬁve
runs of STRUCTURE were performed per k, setting the
burn-in time to 100,000 and replication number to
1,000,000. Among the ﬁve runs per k, the one with the
highest maximum likelihood was used to assign indi-
vidual genotypes to diﬀerent clusters. All other statisti-
cal analyses were carried out with the Software Plabsoft
(Maurer et al. 2004), which is implemented as an
extension of the statistical Software R (R Development
Core Team 2004).
Results
The total number of alleles detected in the 497 genotypes
for the 25 SSR loci was 196, with the number of alleles
per locus ranging from 4 to 14. All 25 marker loci
analyzed were polymorphic across the 497 individuals.
Among the 2,425 data points (497 genotypes by 25
SSRs), 10% were either missing data, true null alleles, or
failed PCR ampliﬁcations. The mean number of alleles
within the races was 3.44, with a range from 2.76
(Reventador) to 4.00 (Tabloncillo and Zapalote Chico)
(Table 2). An average of 1.32 unique alleles was ob-
served across the 25 accessions. Signiﬁcant diﬀerences
(P < 0.01) were found among gene diversity values
within races (HS). The HS was lowest in Tuxpen˜o (0.41)
and highest in Co´nico Norten˜o and Tabloncillo (0.55),
with a mean of 0.48. The GST between races averaged
0.21. The FIS values ranged from 0.09 (Co´nico) to 0.47
(Chalquen˜o) (Table 2).
Values of MRD between pairs of accessions ranged
from 0.22 (Celaya · Tabloncillo) to 0.49 (Cacahuacin-
tle · Reventador; Nal–Tel · Reventador), with a mean
of 0.35 and an average standard error of 0.04. Diﬀer-
ences between estimated MRD values were signiﬁcant
(P < 0.01) (http://www.uni-hohenheim.de/jochreif/
Landraces/Distances.htm). A signiﬁcant correlation
(r = 0.69, P < 0.001) was found between the MRD
values estimated from the expected and observed allele
frequencies of the hybrid accessions. For 34% of the
runs based on randomly selected parental populations,
the correlation coeﬃcient was higher than 0.69, which
was observed between the MRD values estimated from
the expected and observed allele frequencies of the hy-
brid accessions. In the PCoA based on the MRD esti-
mates of all accessions, the ﬁrst two principal
coordinates (PC) explained a total of 28.6% of the
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molecular variance (Fig. 1). The two collections of
Chalquen˜o (CQ-1 and CQ-2) clustered closely together
with each other and with Cacahuacintle, Comiteco,
Co´nico, Palomero Toluquen˜o, Arrocillo Amarillo, and
Co´nico Norten˜o, but were clearly separated from the
other accessions by PC1. Nal–Tel and Oloto´n were
separated from the other accessions by PC2.
By setting k = 25 in the model-based clustering, 86%
of the individual genotypes were grouped into their
respective accessions (Fig. 2). Individuals of races
Co´nico and Cacahuacintle were not separated, and
formed a joint cluster. For k = 3, the following three
clusters were inferred: (1) Chapalote, Reventador, Ha-
rinoso de Ocho, and Ma´iz Dulce, (2) Tabloncillo, Olo-
tillo Blanco, Oloto´n, Jala, Comiteco, Tehua, Tuxpen˜o,
Celaya, Tepecintle, Zapalote Chico, Zapalote Grande,
Bolita, Nal–Tel, and Pepitilla, and (3) Cacahuacintle,
Co´nico, Chalquen˜o, Arrocillo Amarillo, and Palomero
Toluquen˜o. Co´nico Norten˜o could not be clustered into
a speciﬁc group, but was intermediate between all three
groups. For k = 4 and 5, the second cluster was split
into further subgroups.
Discussion
Wellhausen et al. (1952) suggested that it was possible
to describe in detail the relationships among races of
maize from Mexico, as many of them are thought to
be hybrids of still-existing races (Fig. 3). The proposed
relationships among the races were based on the (1)
observation of intermediate morphological traits of a
race considering its possible parents and (2) evidence
obtained by selﬁng the races and the observation of
mainly two types of progenies resembling their puta-
tive parents. As only some of the proposed hybrids
Table 2 Genetic diversity
within the 25 accessions of
maize from Mexico, as revealed
by 25 SSRs
Race name Code Average no. of
alleles per locus
No. of unique
alleles
Gene diversity
(HS)
Fixation
index (FIS)
Arrocillo Amarillo AA 3.76 0 0.50 0.31
Bolita BO 3.72 0 0.52 0.24
Cacahuacintle CA 3.20 4 0.43 0.27
Celaya CY 3.64 0 0.51 0.20
Chalquen˜o CQ-1 3.36 1 0.45 0.47
CQ-2 3.60 3 0.48 0.15
Chapalote CH 3.00 0 0.45 0.29
Comiteco CM 3.20 0 0.48 0.32
Co´nico CO 3.92 3 0.49 0.09
Co´nico Norten˜o CN 3.68 1 0.55 0.26
Harinoso de Ocho HO 2.92 0 0.43 0.22
Jala JA 3.44 2 0.52 0.23
Ma´iz Dulce MD 3.56 1 0.48 0.25
Nal–Tel NT 3.28 1 0.42 0.11
Olotillo Blanco OT 3.64 0 0.51 0.19
Oloto´n OL 3.20 3 0.53 0.23
Palomero Toluquen˜o PT 3.24 1 0.46 0.18
Pepitilla PE 3.24 1 0.42 0.30
Reventador RE 2.76 0 0.45 0.21
Tabloncillo TA 4.00 4 0.55 0.22
Tehua TE 3.64 1 0.50 0.21
Tepecintle TP 3.40 0 0.51 0.24
Tuxpen˜o TU 3.04 2 0.41 0.15
Zapalote Chico ZC 4.00 4 0.53 0.31
Zapalote Grande ZG 3.68 1 0.47 0.38
Average/total 7.84 1.32 0.61 0.24
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Fig. 1 Associations among 25 accessions of maize from Mexico
revealed by principal coordinate analysis based on the modiﬁed
Rogers’ distance determined from 25 SSR markers. Symbols reﬂect
the classiﬁcation suggested by Goodman and Brown (1988): high-
elevation Mexican pyramidal races (asterisks), medium to low
elevation races (ﬁlled square), and long and narrow-eared races
typical of Northwestern Mexico (triangle)
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were supported by experimental data (Wellhausen
et al. 1952) and because of inconsistencies between the
suggested grouping of the races based on morpholog-
ical and molecular data (Table 1), we employed SSR
markers to analyze the associations among races of
maize from Mexico.
Molecular diversity within accessions
We observed a higher total number of alleles per locus
(7.84) than reported in previous SSR studies in maize.
Analyzing 461 plants representing a diverse array of US
germplasm, Labate et al. (2003) found an average of 6.5
Fig. 2 Estimated population structure of 497 individuals from 25 accessions of maize from Mexico. Each individual is represented by a
thin vertical line, which is partitioned into k colored segments that represent the individual estimated membership to the k clusters
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alleles per locus. Reif et al. (2005) obtained a mean of 5.9
alleles per locus for 150 maize plants from ﬁve European
open-pollinated populations. The total gene diversity
across all accessions (0.61) in our study was also higher
than that reported by Reif et al. (2005) (0.53). The GST
between accessions was in accordance with values re-
ported by Reif et al. (2005), who ﬁngerprinted Central
European germplasm with SSRs, but lower than results
on RFLP diversity in European and American material
(Rebourg et al. 2003). The diversity within accessions
(Table 2) was similar to the gene diversity values of US
populations (Labate et al. 2003) but was signiﬁcantly
higher than gene diversity in the Central European
germplasm (Reif et al. 2005). In conclusion, the high
total number of alleles per locus and gene diversity
values in our study (Table 2) conﬁrmed the broad ge-
netic base of the accessions of maize from Mexico. This
was expected, because Mexico is regarded as the center
of origin of maize (Matsuoka et al. 2002).
We calculated the correlations between HS values of
our SSR and previous isozyme studies to test for the
eﬀect of diﬀerent marker systems and alternative sam-
pling of accessions of races. The correlations were low
and amounted to r = 0.20 (isozyme data of Doebley
et al. 1985) and r = 0.17 (isozyme data of Sanchez et al.
2000). These results indicate that the genetic diversity
estimates within races depend on several factors such as
the (1) marker system applied, (2) markers chosen for
the particular survey, (3) accessions selected for the
study, and (4) individuals randomly chosen to represent
a certain accession of a race. While isozymes are based
on polymorphisms of enzymes, SSRs amplify DNA
length polymorphisms arbitrarily distributed through-
out the genome in coding and noncoding regions. Nev-
ertheless, more than 60% of the SSRs in our study were
derived from ESTs or located closely to genes. Thus, the
diﬀerence between SSRs and isozymes cannot be ex-
plained entirely by selective neutrality of SSRs. The
moderate correlation between gene diversity values of
both isozyme studies (r = 0.47) and the MRD of 0.33
between the two collections of Chalquen˜o in our study
(Fig. 1) suggest that the genetic diversity within races
depends not only on the marker system and markers
chosen for the particular study, but also on the choice of
the collections and individual genotypes analyzed. The
high level of SSR variation detected among accessions of
a single race suggests that sampling less individuals but
more accessions representing a certain race would likely
valorize the accuracy in estimating the allele frequency
of the race. Consequently, for future studies investigat-
ing the genetic diversity within races but also examining
the grouping of Mexican races of maize it would be
prudent to include more accessions per race.
Veriﬁcation of complex pedigrees
A highly signiﬁcant correlation (r = 0.69, P < 0.001)
between the MRD values estimated from the observed
and expected allele frequencies of the hybrid accessions
proposed by Wellhausen et al. (1952) as well as the 34%
of pedigrees based on randomly selected parental pop-
ulations that resulted in a correlation higher than
r>0.69 may both be interpreted as an indicator that the
complete pedigree of the accessions is not true. For some
speciﬁc triplets of the Modern Incipient hybrids, the
Palom ero
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Fig. 3 Relationships (progenies—left side, progenitors—right side) of A Ancient Indigenous, B Pre-Columbian Exotic, C Prehistoric
Mestizos, and D Modern Incipient races of maize suggested by Wellhausen et al. (1952). Races in italics are not included in this study
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relationships proposed by Wellhausen et al. (1952) seem
likely (Fig. 4). Under the simplifying assumption that (1)
both parental populations contribute equally to a hybrid
accession and (2) mutation, drift, and selection are ab-
sent, a hybrid accession is placed in the PCoA in between
its parental populations. In accordance with this expec-
tation, the PCoA of individual genotypes of accessions
involved in the pedigrees of Chalquen˜o, Co´nico Nor-
ten˜o, Celaya, and Bolita revealed that all four Modern
Incipient hybrids were positioned between their putative
parental accessions, except for Chalquen˜o-Me´xico208
(Fig. 4). This corroborates the following results reported
previously: (a) Chalquen˜o has morphological charac-
teristics that are intermediate between Co´nico and
Tuxpen˜o. Furthermore, when Chalquen˜o is inbred, it
breaks up into types with a Co´nico-like form at one
extreme and a Tuxpen˜o-like form at the other (Well-
hausen et al. 1952, p. 169). (b) The morphological
characteristics of Co´nico Norten˜o are either similar to
Co´nico or Celaya. In addition, crossing Co´nico with
Celaya yielded a population very similar to Co´nico
Norten˜o (Wellhausen et al. 1952, p. 183). (c) The indi-
viduals of Celaya, one of the most productive agricul-
tural races of Mexico (Crossa et al. 1990), are either alike
to Tabloncillo or Tuxpen˜o or are intermediate between
them in their morphological characteristics (Wellhausen
et al. 1952, p. 174). (d) The morphological characteristics
of Bolita are intermediate between Tabloncillo and Za-
palote Chico; when Bolita is inbred, it breaks up into
types with a Tabloncillo-like form at one extreme and a
Zapalote Chico-like form as the other (Wellhausen et al.
1952, p. 188). Summarizing, the results of the molecular
analysis of the four Modern Incipient hybrids provide
evidence for the proposed parental accessions of Chal-
quen˜o, Co´nico Norten˜o, Celaya, and Bolita suggested by
Wellhausen et al. (1952) on the basis of morphological
data. Nevertheless, the ﬁndings must be interpreted with
caution due to the restricted number of accessions
sampled within highly heterogeneous races and the
underlying simplifying assumption of an equal parental
contribution to the hybrids. In addition, the heteroge-
neous races at the level of SSRs point to substantial gene
ﬂow among races, despite having certain mophological
homogeneity with respect to the traits of interest to
farmers (Pressoir and Berthaud 2004). The veriﬁcation
or falsiﬁcation of the relationships suggested by Well-
hausen et al. (1952) requires additional eﬀorts ﬁnger-
printing more accessions within races.
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Fig. 4 Relationships of modern incipient races a Chalquen˜o (CQ), b Co´nico Norten˜o (CN), c Celaya (CY), d Bolita (BO), with their
hypothetical parents revealed by four principal coordinate analyses based on modiﬁed Rogers’ distance between individual genotypes.
Codes of races are according to Table 1
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In most cases, the postulated hybrids of the Prehis-
toric Mestizos were not positioned midway between their
parents, except for Co´nico (Fig. 4). For some triplets,
progenies overlapped with one of its parents, but were far
from the second proposed parent. On one hand, this re-
sult can be explained by the possible genetic changes due
to selection, drift, and mutation conﬁrming the chrono-
logical separation of Modern from Prehistoric hybrid
accessions. On the other, the observed grouping of the
Prehistoric Mestizos could also be due to a wrongly
proposed pedigree, deviations from an equal parental
contribution to the hybrids, or a nonchronological but
geographical grouping of the races. A Mantel test be-
tween the distances on the basis of the altitude of the
regions, where the accession was grown, and the MRD
among the accessions resulted in a moderate but signiﬁ-
cant correlation (r = 0.37, P < 0.01). This may be
interpreted as an indicator that the grouping of acces-
sions can be explained based on the altitude where the
race was grown as already suggested by Doebley et al.
(1985). Further, genotyping of conserved genomic re-
gions could help to elucidate the relationships of the
Mexican races of maize in more detail.
Molecular variation among accessions
The grouping of accessions into distinct complexes is
complicated by the fundamental problem of not know-
ing how many clusters to assume. Because the accessions
deviated from the Hardy–Weinberg equilibrium with
most loci indicating a tendency toward an excess of
homozygosity within accessions, we followed the sug-
gestion of Pritchard et al. (2000) and did not run
STRUCTURE to determine the optimal number of race
complexes. An excess of homozygosity could lead to an
overestimation of the number of clusters. The observed
deviation from Hardy–Weinberg equilibrium was in
close agreement with previous results in SSR studies
with open-pollinated populations, and can be explained
by both technical limitations and genuine genetic causes
(for a detailed discussion see Reif et al. 2005).
Most previous studies analyzing the accessions of
maize from Mexico revealed three main racial complexes
with several subgroups: (1) the high-elevation Mexican
pyramidal, (2) the medium- to low elevation, and (3) the
long and narrow-eared races typical of northwestern
Mexico (for review see Goodman and Brown 1988).
Therefore, we assumed initially k = 3 clusters in the
STRUCTURE runs. The groupings observed in our
study were only partly in agreement with previous
investigations (Fig. 2; Table 1).
The accessions Arrocillo Amarillo, Cacahuacintle,
Co´nico, Chalquen˜o, and Palomero Toluquen˜o formed
the high-elevation Mexican pyramidal group (Figs. 1, 2),
which is in accordance with results of most previous
studies (Table 1). The high-elevation races have red
hairy leaf sheaths, sparsely branched tassels, and coni-
cal-shaped ears (Wellhausen et al. 1952) and they show
good per se performance when cultivated at high-eleva-
tion environments (Crossa et al. 1990). Co´nico Norten˜o
did not cluster into the high-elevation group, which is
contrast to the studies of Goodman and Brown (1988)
and Sanchez et al. (2000). Considering the complex
pedigree of Co´nico Norten˜o proposed by Wellhausen
(Fig. 3), the intermediate grouping between the three
racial complexes is not surprising.
The medium- to low elevation group contained 14
accessions (Tabloncillo, Olotillo Blanco, Oloto´n, Jala,
Comiteco, Tehua, Tuxpen˜o, Celaya, Tepecintle, Zapalote
Chico, Zapalote Grande, Bolita, Nal–Tel, and Pepitilla)
(Fig. 2). This cluster is in close agreement with results
reported by Crossa et al. (1990) and Goodman and
Brown (1988), except for the races Pepitilla and Tablon-
cillo. The grouping of Pepitilla into the medium- to low
elevation group would ﬁt into the pedigree suggested by
Wellhausen et al. (1952) (Fig. 3). The clustering of Tab-
loncillo into the medium- to low elevation group can
again be explained by its pedigree and close relationship
with Celaya (MRD = 0.22) (Fig. 1). Nevertheless, in
three out of ﬁve STRUCTURE runs, Tabloncillo was
grouped into the cluster of long and narrow-eared races
and its classiﬁcation is therefore uncertain.
In consequence, the following accessions formed the
group of long and narrow-eared accessions typical of
NorthwesternMexico: Chapalote, Reventador,Harinoso
de Ocho, and Ma´iz Dulce. This clustering of the acces-
sions Chapalote, Reventador, andHarinoso de Ocho is in
close agreements with results reported by Goodman and
Brown (1988) and Crossa et al. (1990). Considering the
ﬁrst two PCs, Ma´iz Dulce is closely related to Co´nico
Norten˜o (Fig. 1), which could be explained by the iden-
tical location where both accessions were collected.
However, Ma´iz Dulce is clearly separated from the other
accessions by the third PC (data not shown), which
underlines its special status. The special status of Ma´iz
Dulcemight be explained by non-reciprocal cross-sterility
caused by a Ga1-s/Ga1-s allele combination at the
Gametophyte-factor-1 locus (Nelson 1993). Thus, Ma´iz
Dulcemight be considered as a separate race, belonging to
neither group. This conclusion would also ﬁt within the
pedigree proposed by Wellhausen et al. (1952), and is
supported by the inconsistencies of the grouping of Ma´iz
Dulce in previous studies (Table 1) as well as by the
STRUCTURE analysis (Fig. 2). When k = 3, Ma´iz
Dulce was classiﬁed to the long and narrow-eared acces-
sions typical of NorthwesternMexico.With an increasing
number of clusters assumed in the STRUCTURE runs
from k = 4 to k = 5, Ma´iz Dulce became part of the
medium- to low elevation accessions. However, with
k = 6, it was again grouped with Chapalote, which be-
longs to the long and narrow-eared accessions.
The high GST value (0.21) and the correct grouping of
86% of the individuals into their respective accessions
showed that most accessions could be diﬀerentiated
from each other with molecular markers (Fig. 2).
The exceptions were the accessions Co´nico and
Cacahuacintle, which formed one cluster when k = 25,
184
as expected from their proposed relatinships. Cacahua-
cintle is assumed to be one of the parents of Co´nico.
Summarizing, the accessions of maize from Mexico
can be clustered into distinct racial complexes on the
basis of the SSR markers. Our results can also be
interpreted as an indicator supporting some of the
relationships proposed by Wellhausen et al. (1952).
Consequently, some of the associations of the Mexican
accessions such as those among the four Modern
Incipient hybrids could be explained in detail with
hybridizations among ancient races.
Unlocking the untapped allelic variation of the races
for breeding
Novel genes and alleles of potentially useful traits can be
identiﬁed during routine maintenance and systematic
screening of collections, or as a spin-oﬀ of prebreeding
and breeding programs carried out for other purposes.
Once a desired trait has been identiﬁed, backcrossing
can be used to introduce it into the elite breeding
germplasm. This approach works well when the trait of
interest is controlled by one or a few genes, but not for
traits with polygenic inheritance such as grain yield.
Hence, for the identiﬁcation of genes and alleles under-
lying complex traits of agronomic importance, more
sophisticated methods such as association mapping are
required (cf. Lynch and Walsh 1997).
As a ﬁrst step toward association mapping, we pro-
pose to adopt the approach suggested by Reif et al.
(2005) and decompose the accessions into representative
samples of homozygous lines by generating, for exam-
ple, doubled haploid lines. This oﬀers two advantages:
(1) the resulting genotypes are immortal and can be
subject to replicated tests for phenotyping as well as
genotyping and (2) the genetic load is reduced by elim-
inating deleterious alleles during the inbreeding process.
The lines can then serve as the base population for
association mapping. The proposed strategy would
facilitate a systematic utilization of the available genetic
diversity in accessions of maize.
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